Porous Co-29Cr-6Mo (mass%) compacts without Ni were fabricated by hot pressing and their microstructure and mechanical properties were investigated. PREPed Co-29Mo-6Mo powder with a diameter range (300-500 mm) was hot-pressed under the uniaxial pressure of 40 MPa at 1223 K for 7.2 ks. Hot-pressed compacts were annealed at 1473 K for 7.2 ks for further sintering. X-ray diffraction analysis revealed that and " phases appeared dominantly in the PREPed powder, while " and phases coexisted in the compact which was hot-pressed at 1223 K. After annealing at 1473 K, only the " phase was detected although the phase was stable at this temperature. Therefore, the " phase formed during furnace cooling.
Introduction
Metallic materials have been used for load-bearing implants because of the reliability they present during longterm use compared to polymer materials and ceramics. Among various metallic materials for biomedical applications, Co-Cr-Mo alloys have been widely used for implants such as hip, knee and dental prosthesis due to their high strength, excellent corrosion resistance and good wear resistance. 1, 2) In addition to above properties, fixation of surgical implants to host bone is also required. To obtain strong fixation, porous coating is applied on the medical devices. A major process for the application of porous coatings is spherical powder sintering onto the devices. The porous layer contains many gaps and pores interconnected through the coating. Thus, the porous coating on the implant enhances fixation via ingrowth of bone tissue. In addition, the usage of bone cement is avoided by use of this fixation method and therefore harmful effects on the human body are reduced.
Conventional cast and wrought Co-Cr-Mo alloys contain Ni to improve their castability and workability. However, Ni has been reported as one of the most common contact allergens.
3) Therefore, the porous Co-Cr-Mo coating on the implants as well as the substrate Co-Cr-Mo alloy, should not contain Ni since the release of metal ions at the large interface between body fluid and metal 4) presents great concern.
The purpose of this study is to prepare Co-Cr-Mo alloy powder without adding Ni, to fabricate porous compacts from the powder and to evaluate their mechanical properties such as strength and Young's modulus.
Experimental Procedure
2.1 Fabrication of Co-29Cr-6Mo alloy powder and compacts The nominal composition of the Co-Cr-Mo alloy used in this study is Co-29Cr-6Mo (mass%). Commercial bulk materials of cobalt (99.9%), chromium (99.6%) and molybdenum (99.9%) were used as starting materials. Co-29Cr-6Mo alloy ingots were prepared by the vacuum induction melting technique and shaped into bars (24 mm Â 150 mm) by lathe working. The bars were atomized by the plasma rotating electrode process (PREP) in an Ar atmosphere using Ar plasma flame. The rotating speed of the bar was varied from 100 to 200 Hz. The applied voltage and the current for the plasma were 110 V and 80 A, respectively. The atomized powder was sieved to use similar powder sizes in the range of 300 to 500 mm for sintering.
To fabricate porous Co-29Cr-6Mo compacts, the sieved powder was filled between two shanks of a cast Co-29Cr-6Mo alloy punches in a separable graphite mold with an internal diameter of 8 mm. BN lubricant was sprayed on the inner wall of the mold to avoid reactions between graphite and the Co-29Cr-6Mo alloy. The powder was hot pressed under the applied pressure of 40 MPa at 1223 K for 7.2 ks in a vacuum of 1 Â 10 À3 Pa. The hot-pressed compacts were annealed at 1473 K for 7.2 ks in a vacuum of 1 Â 10 À3 Pa for further sintering.
Characterization of the PREPed Co-29Cr-6Mo
alloy powder and the compacts Microstructures of the PREPed Co-29Cr-6Mo alloy powder and the compacts were observed with an optical microscope (OM) and a scanning electron microscope (SEM). Size distribution of the powder was evaluated with laser beam in a water bath using a Coultier LS230. The porosity of the compacts was determined by measuring the weight and the apparent volume of the specimen. X-ray diffraction was carried out for the determination of constituent phases in the PREPed powder and compacts. Chemical compositions of the PREPed powder and the compacts were examined using inductively coupled plasma atomic emission spectrography (ICP-AES) and inert gas fusion (IGF).
For the evaluation of Young's modulus and the strength of the compacts, tensile tests were carried out at a cross-head speed of 0.5 mm/min at room temperature. Compacts (8 mm Â 10 mm) sintered with shanks were provided for the tests. Electric resistance strain gages were mounted on the surface of the compacts to measure longitudinal elastic strain under tension.
Results and Discussion
3.1 Characterization of the PREPed Co-29Cr-6Mo alloy powder Figure 1 (a) shows a SEM micrograph of the Co-29Cr-6Mo powder PREPed at 150 Hz. The powder shape is spherical due to the surface tension of the alloy droplets upon melting. Many gaps are observed on the surface since the nucleation of dendrites starts at the surface and grows towards the inner powder due to segregation of Cr and Mo in the Co matrix during solidification. 5) The size distribution of the PREPed powders is shown in Fig. 1(b) . The average diameters are 514 mm at 100 Hz, 316 mm at 150 Hz, and 215 mm at 200 Hz. The diameter of PREPed powder is reported to be inversely proportional to the rotating electrode speed. 6) This finding is based on the formation of droplets at the edge of the rotating bar. The average diameter of each powder obtained does not agree with the relation but is smaller than the estimated diameter, thus suggesting that the liquid droplets exploded on flight at the higher rotating speed. Figure 2 shows an X-ray profile of the PREPed Co-29Cr-6Mo alloy powder after sieving. Peaks from the (F.C.C.) and " (H.C.P.) phases are observed. The =" phase transition temperature is approximately 1273 K, and the " phase is stable at lower temperatures for Co-(29-27)Cr-(5-6)Mo containing low Ni and carbon. 7, 8) The " phase is also produced by martensitic transformation upon cooling. During the PREP process, rapid cooling (10 3 -10 4 K/s) takes place during atomization and therefore the " phase observed in the powder may be transformed by the result of transformation by martensitic reaction. Table 1 9) Small precipitates at the interdendritic region are confirmed in the powder, as shown in Fig. 3(b) . Figure 4 (a) shows an OM micrograph of the porous Co29Cr-6Mo compact after annealing at 1473 K for 7.2 ks. The neck is as sharp as that of the as-hot pressed compact. Furthermore, small precipitates are not detected and grain growth is observed in the powder, as shown in Fig. 4(b) . Figure 5 shows X-ray profiles of (a) the as-hot pressed compacts and (b) the annealed compacts. The " and phases are detected in the as-hot pressed compact. On the other hand, only peaks from the " phase are detected in the annealed compact. The phase is observed in neither of the two compacts, irrespective of the main constituent phase in the PREPed powder. From these results, phase transition of Co29Cr-6Mo during the processes is summarized as follows. During hot pressing at 1223 K, the metastable phase, which exists in the PREPed powder, is thermally transformed to the " phase, since the " phase is thermally stable at this Fabrication and Mechanical Properties of Porous Co-Cr-Mo Alloy Compacts without Ni Additiontemperature. 7, 8) In addition, the phase formation is triggered by hot pressing at 1223 K 5) in the interdendritic region where Cr and Mo segregate. During heat treatment at 1473 K for 7.2 ks, the phase disappears, indicating that the phase does not coexist with the phase at this composition. Although the " phase was detected by X-ray after the heat treatment, it is not clear whether the " phase was formed by martensitic reaction, because the surface relief was not confirmed in the compact from OM observation. This indicates that the " phase may occur by diffusion. However, further investigation with TEM observation is required for clarification.
3.3 Tensile behavior and mechanical properties of the porous Co-29Cr-6Mo compacts Figure 6 shows stress-strain curves of (a) the as-hotpressed compact and (b) the annealed compact, containing the porosity of 28.7 and 29.4%, respectively. The as-hotpressed compact shows linear elastic behavior followed by small plastic deformation and fracture. Non-linear deformation appears in the annealed compact at small strain as compared to the as-hot-pressed compact. However, the total elongation and tensile strength of the annealed compact (116 MPa) are higher than those of the as-hot-pressed compact (97.5 MPa). These strength values are in the range of the UTS of human cortical bone (50-150 MPa). 10) Young's modulus of the as-hot-pressed compact is 37.5 GPa, which is approximately one-sixth of the bulk Co-Cr-Mo alloys (230 GPa) and comparable to that of human cortical bone (7-30 GPa). 10) Young's modulus of the annealed compacts is difficult to determine because the stress to strain ratio decreases gradually with increasing strain, suggesting that plastic deformation at the neck easily occurs. This is due to microstructural change, such as the dissolution of the phase, and the grain growth in the particles for the annealed compact. The annealing treatment may also affect the mechanical properties of the substrate below the porous coating. Post annealing treatment should be carried out to improve the strength for both coating and substrate.
Conclusions
(1) Co-29Cr-6Mo alloy powder without the addition of Ni was successfully fabricated by PREP. The chemical composition was close to the nominal composition and the cast ingot composition. The powder contained 0.03% Ni, which originated from the raw Co. (2) PREPed Co-29Cr-6Mo alloy powder without Ni addition consisted of the and the " phases. 
